Split-hand/foot malformation with long-bone deficiency (SHFLD) is a relatively rare autosomal-dominant skeletal disorder, characterized by variable expressivity and incomplete penetrance. Although several chromosomal loci for SHFLD have been identified, the molecular basis and pathogenesis of most SHFLD cases are unknown. In this study we describe three unrelated kindreds, in which SHFLD segregated with distinct but overlapping duplications in 17p13.3, a region previously linked to SHFLD. In a large three-generation family, the disorder was found to segregate with a 254 kb microduplication; a second microduplication of 527 kb was identified in an affected female and her unaffected mother, and a 430 kb microduplication versus microtriplication was identified in three affected members of a multi-generational family. These findings, along with previously published data, suggest that one locus responsible for this form of SHFLD is located within a 173 kb overlapping critical region, and that the copy gains are incompletely penetrant.
INTRODUCTION
The Split-hand/foot malformations (SHFMs) are a heterogeneous group of malformations, in which the hand and/or foot findings may occur in isolation or with other anomalies. Split-hand/foot malformation with long-bone deficiency (SHFLD) (OMIM # 119 100, 610 685, and 612 576) is a rare autosomal-dominant disorder with variable expressivity and incomplete penetrance, the clinical presentation of which may range from isolated hypoplastic halluces to classic SHFM to monodactyly with tibial aplasia. 1 Other phenotypes with SHFM and long-bone involvement include SHFM with fibular deficiency (OMIM 113 310) and SHFM with ulnar defects (OMIM 314 360). Given that these entities seem to be distinct, there may be multiple loci involved in these malformations.
Isolated SHFM has been mapped to six loci, and the genetic causes are well understood for only three: SHFM1 maps to 7q21, SHFM2 maps to Xq26, SHFM3 is associated with microduplications in 10q24, SHFM4 is caused by dominant mutations in P63 in 3q27, SHFM5 maps to 2q31 (reviewed in Basel et al 2 ), and SHFM6 is caused by recessive mutations in WNT10B in 12q13. 3 The known causes of syndromic forms of SHFM include dominant P63 mutations in the ectrodactyly, ectodermal dysplasia, cleft lip/palate (EEC3) syndrome 4 (OMIM # 604 292) and related phenotypes, and recessive CDH3 mutations in the ectrodactyly, ectodermal dysplasia, and macular dystrophy (EEM) syndrome 5 (OMIM # 225 280). It is of note that genomic rearrangements are a relatively frequent finding in some forms of SHFM and have been described for SHFM1, SHFM3, and SHFM5. SHFM1 has been associated with deletions, translocations, and inversions involving 7q21, 6 SHFM3 involves duplications of BRTC, POLL, and all or part of FBXW, 7, 8 and SHFM5 has been reported in association with deletions centromeric to EVX2. 9 Studies to date suggest that SHFLD is genetically distinct from the isolated forms of SHFM. Although no specific genetic cause has yet been elucidated, three loci have been proposed. Chromosome 2q14.2 has been implicated in a single individual with SHFLD arising from a de novo translocation without disrupting any known genes, but corresponding to the homologous region in mouse which gives rise to the 'dominant hemimelia' (Dh) limb malformation. 10 Both 1q42.2-q43 and 6q14.1, designated as loci SHFLD1 and SHFLD2, respectively, were shown to be linked to SHFLD in a large consanguineous Arab family. 11, 12 SHFLD3 was mapped in a Brazilian family to an 861 kb interval at 17p13.1-17p13.3. 13 In this study we report three independent and overlapping microduplications at 17p13.3 in individuals with SHFLD. The first, a 254 kb duplication, segregates with the disorder in a three-generation family and manifests with variable expressivity and incomplete penetrance. The second, a 527 kb duplication, was found in an affected child and inherited from her clinically unaffected mother. The third, a 430 kb duplication versus triplication, segregates with SHFLD in three affected members of a multi-generational family. These duplications share a 173 kb region of overlap and are located within the SHFLD3 region described by Lezirovitz et al. 13 
MATERIALS AND METHODS

Clinical data
Three kindreds were involved in the study. Family 1 participants were examined by CA and GG. Digital photographs and radiographs of hands and feet were obtained for all affected individuals and obligate carriers. Photographs and radiographs for the individual(s) from families 2 and 3 were taken at the time of clinical assessment, some dating back a number of years.
DNA samples and chromosome analysis
DNA samples were obtained/used following research ethics approval from Children's Hospital of Eastern Ontario for family 1 and research ethics approval from the Institutional Review Board of Self Regional Healthcare (Greenwood, SC, USA) for families 2 and 3. DNA was extracted from whole blood using the DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA, USA) in family 1, the FlexiGene DNA kit (Qiagen) in family 2 and one member of family 3, and a high-salt precipitation method 14 in the other members of family 3. Pediatric samples for family 1 were obtained from saliva using Oragene saliva extraction kits (DNA Genotek, Kanata, Ontario, Canada) according to the manufacturer's instructions. Chromosome analysis from peripheral blood was carried out according to standard protocols. 15 
Microarray analysis
The proband's sample from family 1 was analysed with the Affymetrix 500K SNP platform (Affymetrix, Santa Clara, CA, USA). An additional family member from family 1, the affected proband and unaffected mother from family 2, and three affected members of family 3 were analysed using the Affymetrix Genome-wide Human SNP 6.0 array (Affymetrix). For each array, DNA (250 ng) was processed using reagents and protocols according to manufacturer's instructions (Affymetrix). After hybridisation of the DNA onto the chip, the arrays were washed and stained in the GeneChip Fluidics Station 450 (Affymetrix) and scanned using the Affymetrix 500K SNP/Genome-wide SNP 6.0 array protocol (Affymetrix) and the GeneChip Scanner 3000 7G. Copy-number analysis was carried out with Affymetrix's Genotyping Console 4.0 using the in silico control of 270 HapMap samples. Affymetrix's Genotyping Console 4.0 (GTC 4.0) was used to standardise array intensity files to a default reference and detect genotype.
Haplotyping
Family 1 was genotyped using the six microsatellite markers D17S1308, UT269, UT137, AFM022XB6, D17S1533, and D17S1528. Each marker was PCR amplified as described previously 16 and electrophoresed on a 6% acrylamide gel using the LI-COR DNA sequencer Model 4000 (LI-COR, Lincoln, NE, USA). Genotypes were determined using RFLPscan software (version 3.0; Scanalytics, Rockville, MD, USA) and haplotypes were generated using Cyrillic software (version 2.1; Cyrillic Software, Oxfordshire, UK).
Quantitative PCR analysis (qPCR)
Quantitative PCR (qPCR) was used to test for the 17p13.3 duplication in all three families. Relative quantitation of genomic dosage was determined using an EP RealPlex4 mastercycler (Eppendorf AG, Hamburg, Germany) and calculated by the relative threshold cycle (DDCT) method. 17 PCR amplicons were generated in triplicate for each individual and four controls. Genomic dosage for three genes located within the duplicated interval, TIMM22, ABR, and TUSC5, was determined by SYBR green incorporation using Taqman RNAseP reference (ABI, Carlsbad, CA, USA). Six primer pairs were chosen based on sequences that were predicted to be amenable to qPCR and informative for microarray confirmation (Figure 3 ). Relative genomic dosage was calculated as 2 ÀDDCt where DCt¼(mean Ct Target )À(mean Ct Reference ) and DDCT¼DCt patient ÀDCt control . Analyses were carried out for selected members of family 1, the affected proband and both parents from family 2, and all three available individuals from family 3.
Phylogenetic footprinting
To infer patterns of evolution and identify uncharacterized functional elements, we compared the human SHFLD locus with orthologous and well-annotated sequences of mouse, opossum, chicken, and zebrafish using PipMaker and MultiPipmaker (http://bio.cse.psu.edu/pipmaker/). 18, 19 Sequences corresponding to the duplicated region were obtained from Ensembl Genome Data Resources from the following contigs: human, NCBI36/hg18, ch17: 956201-1128916; mouse, NCBIM37, ch11: 75 400 000-76 800 000; opossum, BROADO5, ch2: 515 100 000-517 000 000; chicken WASHUC2, ch19: 5 100 000-7 000 000; zebrafish, Zv8, ch15: 24 000 000:25 500 000.
RESULTS
Family 1
The proband was evaluated for bilateral split hands and a split left foot ( Figure 1, panel I ). In total, 28 individuals spanning three generations of his extended Mennonite family participated, and five had limb anomalies ( Figure 2 ). In three, the anomalies were limited to the hands; two had tibial hypoplasia or aplasia ( Figure 1 ). Inheritance was consistent with an autosomal-dominant pattern, with incomplete penetrance and variable expressivity. No other significant health issues were reported in the family; cognitive abilities and development were apparently normal in all individuals.
Mutation analysis of the P63 exons previously implicated in SHFM4 20, 21 (exons 5-8, 13, and 14) was carried out as part of an initial clinical diagnostic workup and no sequence alterations were detected in the proband. The proband was analysed with the 500K Affymetrix array and individual S108 ( . This duplication has not been reported as a copy-number variant in the database of genomic variants (http://projects.tcag.ca/ variation/), NCBI (http://www.ncbi.nlm.nih.gov) or the Sanger database (http://www.sanger.ac.uk/humgen/cnv/); however, some genomic variants have been reported (both duplications and deletions) in ABR, located at the telomeric end of the duplication. Segregation analysis using six microsatellite markers revealed that the haplotype containing the duplication was present in all affected individuals and obligate carriers ( Figure 2 ). Individual (S108), who married into the family, also possessed the duplication and the disease haplotype. Although we could not determine her ancestral relationship to the family, such a finding is not surprising as this population is somewhat genetically isolated and has a high coefficient of inbreeding. 22 Analysis of the proband (individual 000 in Fig 2) and other family members with the segregating haplotype, including individuals 107, S108, 108.2, 103.5, and 103.6 ( Figure 2 ) by qPCR showed that each had the duplication and confirmed the breakpoints found by microarray ( Figure 3 and Supplementary Table and Figure) .
Family 2
The proband was evaluated because of congenital limb anomalies (Figure 1 panel II) . Radiographs of the upper limbs revealed six metacarpals in the right hand with a thumb, three additional digits, and a deep central cleft between digits 2 and 3. The left hand contained five metacarpals, the third being bifid, but was otherwise similar to the right. Radiographs of the lower limbs revealed aplasia of the tibiae. The right foot had only four metatarsals and four toes with a central cleft, and the left foot had three metatarsals with two toes and a central cleft. Development has been normal. Selected exons of P63 (5-8, 13, and 14) were sequenced on a clinical diagnostic basis but no mutations were found, and high-resolution chromosomes were normal. Affymetrix Genome-wide Human SNP 6.0 array in the proband and subsequently in her mother revealed a 527 kb duplication at 17p13.3 with genomic co-ordinates 629 839-1 156 497, NCBI36/ hg18 (Human Mar. 2006) assembly (Figure 3) . The mother had no evidence of any limb or digit anomalies. Analysis of the proband and both parents by qPCR revealed maternal inheritance of this duplication and confirmed the breakpoints found on microarray ( Figure 3 and Supplementary Table and Figure) . Of note, use of the Affymetrix software to determine the copy-number state in both the proband and mother showed a copy number of 3 across part of the region (suggestive of a duplication) and a copy number of 4 across the Table) were most consistent with a duplication across the entire region. Table and Figure) . Of note, use of the Affymetrix software to determine the copy-number state in all three individuals showed a copy number of 4 across the region (suggestive of a triplication); however, it was unclear whether this was due to signal noise, and it could not be conclusively determined from the qPCR data (Supplementary Table) whether the copy number was higher than that of a duplication.
Sequence alignments and phylogenetic analysis
The overlap of the three microduplications is defined by genomic co-ordinates chr 17: 956 201-1 128 916 in the NCBI36/hg18 human genome assembly. We performed cross-species comparison to identify regions of evolutionary conservation that likely harbour DNA elements with important biological functions. This region contains BHLHA9, a highly conserved novel protein-coding gene identified by virtual library screening, AC016292.1, a putative processed transcript, and 3 of the 24 coding exons of ABR (Figure 4) . We screened for unannotated regions of conservation between human, mouse, and opossum that extend beyond 150 bp. We identified 18 regions that exhibit more than 50% of sequence identity across all the mammalian species examined and may signify uncharacterized functional elements. Two of the identified putative functional elements (PFE1 and PFE2) exhibit over 75% sequence identity in the mammalian and avian species examined, but given their locations these may represent regulators of ABR. The other 16 regions are conserved in human, mouse, and opossum, but are not present in chicken. Some of these regions may correspond to yet unidentified functional elements that evolved after the separation of the mammalian and avian lineages ( Figure 4 ). The black portion of each haplotype bar indicates haplotype that segregates with the duplication. Individuals 000 and S108 were found to carry the duplication by array (corresponding to region spanning markers UT137 and AFM022XB6). qPCR confirmed array results and also confirmed that individuals 107, 108.2, 103.5, and 103.6 carry the duplication. Three offspring of individuals 101 and 102 and their children did not participate; two sons (reportedly unaffected) with eight children between them (sexes unknown, also reportedly unaffected), and one daughter (reportedly with a 'short toe') and her five children (reportedly unaffected). Cross-species comparative sequence analysis of the SHFLD critical region. The graph compares the percent identity between human genomic sequence of 173 kb with corresponding sequences from mouse, opossum, chicken, and zebrafish. 18 Aligned segments that show over 50% percent of identity are plotted as a series of dots (stippling) according to their length and position within the human sequence. The human sequence is shown on the horizontal axis and the percent identities with non-human sequences are shown on the vertical axis. Annotations correspond to the human sequence (top of plot). Gene sequences are represented by solid-black arrows indicating the direction of transcription, and exons are indicated by black boxes. ABR and BHLHA9 are known protein-coding genes; AC016292.1 is a putative processed transcript. Shaded regions depict putative functional elements, PFE1 and PFE2, which are conserved between human, mouse, opossum, and chicken. Grey vertical arrows depict regions of conservation between human, mouse, and chicken. The analysis also detects and annotates various repetitive sequences in the reference sequence (human). These include simple repeats, long terminal repeats (LTRs), mammalian interspersed elements (MIRs), long interspersed nuclear elements (LINEs), and short interspersed nuclear elements (SINEs). Such sequences are commonly present in multiple copies per genome and are excluded from sequence comparisons. For further details on PIP analyses, see http://bio.cse.psu.edu/pipmaker. and not in the SHFM spectrum; however, one patient is described as having a bilateral groove between the first and second toes and two other patients are described as having 'sandal gaps' . CRK is duplicated in all of their patients who had limb anomalies and was postulated to be a candidate gene for these findings. None of the microduplications described herein involves CRK.
Chromosomal rearrangements are a well-documented cause of SHFM and other skeletal disorders. 6, 7, 9, [28] [29] [30] Similar to the findings reported herein, the primary genetic findings in patients with SHFM3 are genomic duplications. Those duplications involve a minimal 325 kb region that includes BTRC, POLL, and a portion of the FBXW4 (human dactylin) gene. In the SHFM3 'like' dactylaplasia mouse model, a genomic rearrangement leads to a reduced level of a normal Fbxw4 transcript. 31 However, in human cell lines from individuals with SHFM3, two genes BTRC and SUFU, show increased expression with normal FBXW4 expression. 8 Lyle et al 8 suggest that the genomic rearrangement in the area disrupts normal expression pattern of genes through alteration of long-range control mechanisms, but the exact mechanism causing SHFM is unclear.
The SHFLD arising from the duplicated 173 kb critical region described herein may occur secondary to a direct effect on a gene contained within the duplicated region. This region contains exons 1-3 of ABR, BHLHA9 and a putative processed transcript AC016292.1. ABR contains a GTPase-activating protein domain, 32 and functional studies in mice suggest that the protein has a role in vestibular morphogenesis. 33 Public databases report a number of rare CNVs, both deletions and duplications, the majority of which are more distal to exon 1 of ABR. However, ABR may possess an as yet unidentified function relevant to SHFLD and the presence of genomic variants in the reference population does not absolutely rule out ABR as a potential candidate. BHLHA9 encodes a basic helix-loop-helix protein and exhibits 475% of sequence identity in pairwise comparisons between human, opossum, and chicken ( Figure 4 ). However, little is known about its function.
Genetic alterations affecting cis-acting regulatory elements are a known cause of limb malformation syndromes. Duplications of regulatory elements have been shown to be responsible for at least three different limb phenotypes; a tandem duplication of a 5.5 kb region 3¢ of BMP2 is associated with brachydactyly type A2 30 and microduplications of the ZRS, a long-range cis-acting regulatory element of sonic hedgehog (SHH), lead to triphalangeal thumbpolysyndactyly syndrome and syndactyly type IV. 28, 29 Within the duplicated region described here, evolutionarily conserved sequences of unknown function (Figure 4 ) may represent cis-acting regulatory elements altering the activity of a neighbouring gene, or the duplications may disrupt the interaction between a nearby enhancer and its target gene. One possible candidate gene, CRK, seems to be involved in several signalling pathways and is thought to be necessary for normal embryonic development and possibly normal skeletal development. 34 A more promising candidate is NXN, which is located telomeric to the critical region and functions as a negative regulator of Wnt via dishevelled (Dvl); in Xenopus altered expression of NXN leads to a bent body phenotype. 35 Thus, future experiments may include examining transcript levels of putative downstream target genes, obtaining functional data from in vivo cellular reporter assays, and altering any regulatory elements or genes in animal models.
As the individuals described in Bruno et al 25 with hand/foot anomalies had microduplications that extended across our critical region, their limb anomalies may represent a subtle skeletal phenotype that, at the most extreme, can manifest as SHFLD. Given the decreased penetrance seen with the microduplications, there is also the possibility that a second genetic locus is involved. Such a mechanism might explain why other duplications that overlap the SHFLD critical region defined herein do not result in SHFLD. We could not account for the disease severity or incomplete penetrance by segregation of the microsatellites in those who possess the duplication in family 1, suggesting that if a second locus exists, it is not in the region covered by the microsatellites examined. Alternatively, it may be that the duplication must involve a shorter length of critical sequence in order to cause the abnormal limb phenotype. Large duplications that involve the terminal band of chromosome 7q, which contains both the ZRS and SHH, cause neither preaxial polydactyly nor syndactyly, as seen with microduplications of the ZRS. 36 If SHFLD only occurs when an enhancer, but not its target gene, is present in a double dose on a single chromosome, then a larger duplication involving both the enhancer and target gene would not produce an abnormal limb. Similarly, SHFLD might only occur when the duplication resides between a limb enhancer and its target gene, such that the two sequences become separated by a critical distance that affects their ability to interact. In this case, the larger duplications described by Bruno et al might preserve the normal physical relationship between the enhancer and its target gene, and thus not lead to SHFLD.
In summary we present three independent overlapping microduplications, which suggest that at least one molecular mechanism underlying SHFLD involves the 173 kb critical region described herein. Based on current understanding of the molecular mechanisms underlying other limb anomalies associated with duplications, we hypothesise that duplication of this critical region either alters the dosage of a regulatory element involved in limb development or disrupts the interaction between a nearby regulatory element and its target gene(s). Of the 18 conserved regions identified, two exhibit over 75% sequence identity in mammalian and avian species (Figure 4 , PFE1 and PFE2), whereas the other 16 are conserved in human, mouse, and opossum (Figure 4, arrows) . Some of these may represent regulatory elements, the function of which may be altered by the SHFLD duplications. Alternatively, duplication of BHLHA9 or AC016292 may cause SHFLD. Further studies that include functional analysis of the duplicated region, as well as analyses of other SHFLD/SHFM cases for similar duplications, will hopefully clarify the molecular pathogenesis of this disorder. 
